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The equation of state (EOS) of the osmotic pressure for linear-polymer solutions in good solvents
is universally described by a scaling function. We experimentally measured the osmotic pressure of
the gelation process via osmotic deswelling. It is found that the same scaling function for linear-
polymer solutions also describes the EOS of the osmotic pressure throughout the gelation process,
involving both sol and gel states. Furthermore, we reveal that the osmotic pressure of polymer gels
is universally governed by the semidilute scaling law of linear-polymer solutions.
The statistical mechanics of groups of chains is the ba-
sis of polymer physics [1–4]. A remarkable example of
this basis is the universality of linear-polymer solutions
in good solvents [2, 5]. Their macroscopic collective prop-
erties are independent of the microscopic details of the
system, because of the great length of polymer chains.
This example of the universality of critical phenomena
in the O(n)-symmetric universality classes (n = 1, 2, 3
corresponding to the Ising, XY, and Heisenberg classes,
respectively) is found in many systems, ranging from the
fields of soft and hard condensed-matter physics to high-
energy physics [6]. The above polymer solutions corre-
spond to the limit of n→ 0 (self-avoiding walks) in three
dimensions [2, 6], for which the critical exponent (the ex-
cluded volume parameter) ν ' 0.588 can be computed by
Monte Carlo simulations [7, 8], the  expansion method
[9], and the conformal bootstrap method [10, 11]. Fur-
thermore, not only the critical exponents but also the
asymptotic scaling functions themselves can be experi-
mentally measured, such as the osmotic pressure [12, 13]
and the correlation lengths of the density fluctuations
[14].
Here, we focus on the equation of state (EOS) of os-
motic pressure for linear-polymer solutions in good sol-
vents, which is universally described by the scaling func-
tion [12, 13, 15–18]:
Πˆ = f (cˆ) , (1)
where Πˆ ≡ ΠM/(cRT ) is the reduced osmotic pressure,
and cˆ ≡ c/c∗ is the reduced polymer concentration nor-
malized by the overlap concentration c∗ ≡ 1/(A2M).
Here, M , R, T , and A2 are the molar mass, gas constant,
absolute temperature, and the second virial coefficient,
respectively. The above definition of c∗ is proportional
[19] to the conventional definition of the overlap concen-
tration c∗g ≡ 3M/(4piNAR3g), at which the polymer chains
begin to overlap each other to fill the space. Here, NA
and Rg are the Avogadro constant and the gyration ra-
dius of the polymer chain, respectively.
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In the case of branched polymer solutions, it was re-
ported that each EOS of regular star polymers with up to
18 arms exhibits only minor differences from the univer-
sal EOS (1) of linear polymers [13, 19–21]. Here, cˆ ≡ c/c∗
is the only universal scaling parameter (up to multipli-
cation by a constant) [19]. In other words, c/c∗g is not
a universal scaling parameter because c∗g/c
∗ = 3
√
piΨ∗
includes the interpenetration factor Ψ∗, which is nonuni-
versal for a number of arms (e.g., Ψ∗ ' 0.24 and 0.44 for
linear and four-branched polymer solutions, respectively
[22, 23]). Figure 1 demonstrates that the two kinds of
linear polymer solution and four-branched polymer so-
lutions converge to the single universal EOS (1). In the
dilute regime (c < c∗), each molecular chain is sufficiently
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FIG. 1. Universal EOS of polymer solutions and gela-
tion process in a good solvent. Main image shows the cˆ-
dependence of Πˆ in a log–log plot, and the inset shows the
cˆ−1-dependence of Πˆ/cˆ1.31. The triangles represent two kinds
of linear polymer (poly(styrene) of M = 51–1900 kg/mol [13]
and poly(α-methylstyrene) of M = 70.8–1820 kg/mol [12]) in
toluene solutions. These converge to the universal EOS (1)
(black solid curve), which is asymptotic to the van ’t Hoff
law (Πˆ = 1) as cˆ → 0 and to the scaling law in Eq. (3) as
cˆ→∞ (black dotted lines). The black circles represent four-
branched polymer (poly(ethylene glycol)) solutions of M = 10
and 40 kg/mol. The orange filled circles represent the gela-
tion process in sol states with various degrees of connectivity
(p = 0, 0.1, . . . , 0.5) at a constant concentration (c = 20 g/L).
The red star in the inset corresponds to the universal EOS
for polymer gels.
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2isolated such that the universal EOS (1) is well described
by the virial expansion [1]:
Πˆ = f (cˆ) = 1 + cˆ+ γ cˆ2 + . . . (for 0 < cˆ < 1), (2)
where γ ' 0.25 [1, 12] is the dimensionless virial ratio. In
the semidilute regime (c∗ < c), molecular chains become
interpenetrated and the universal EOS (1) is asymptotic
to the scaling law [2, 15]:
Πˆ = f (cˆ) ' Kcˆ 13ν−1 (for cˆ 1), (3)
where K ' 1.1 is the numerical constant and 1/(3ν−1) '
1.31 if ν = 0.588.
In the present study, we experimentally investigate the
EOS of the osmotic pressure of polymer gels, includ-
ing the whole gelation process. We measured the os-
motic pressure in both the sol and gel states via osmotic
deswelling in external polymer solutions [24–26]. Our
findings are summarized in Fig. 1; the universality of
EOS (1) holds for both the sol (orange filled circles) and
gel (red star) states with only minor variations, although
these systems are comprised of highly branched three-
dimensional polymer networks. When gelation proceeds
at a constant concentration c, the average molar mass
M increases, and c∗ decreases. Thus, both Πˆ and cˆ con-
tinuously increase along the universal EOS (1) in the sol
states. After the gelation (i.e., sol–gel transition), be-
cause polymer gels correspond to M → ∞ and c∗ → 0,
both Πˆ and cˆ diverge to infinity in the gel states. Ac-
cording to the semidilute scaling law given by Eq. (3),
Πˆ/cˆ1.31 is always constant in gel states (red star in the
inset of Fig. 1).
To statically reproduce the gelation process, we non-
stoichiometrically tuned the mixing fractions s (0 ≤ s ≤
1/2) of two kinds of precursor solution in an AB-type
polymerization system (schematics in Fig. 2). Here, s is
the molar fraction of the minor precursors to all precur-
sors. We define the connectivity p (0 ≤ p ≤ 1) as the
fraction of the reacted terminal functional groups, as-
suming reaction completion. By tuning s in accordance
with p = 2s [27, 28], we can obtain a desired p. Before
gelation (0 ≤ p < pgel), polymer chains crosslink to form
a polydisperse mixture of highly branched polymers with
increases in the average molar mass M . After gelation
(pgel ≤ p ≤ 1), polymer networks crosslink to complete
the reaction as the elasticity increases.
Based on our findings shown in Fig. 1, the “non-
reduced” osmotic pressure Π during the gelation process
is illustrated in Fig. 2. Unlike the sol states, the gel
states have elastic contributions to the swelling pressure.
According to Flory and Rehner [29], the total swelling
pressure in the gel states (Πtot) consists of two separate
contributions as Πtot = Πmix + Πel, where Πmix and Πel
are the mixing and elastic contributions, respectively.
We regard Πmix as being the osmotic pressure in the gel
states because Πmix corresponds to the osmotic pressure
in the sol state Π. As the connectivity p increases at
a constant concentration c, the osmotic pressure Π in
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FIG. 2. Osmotic pressure during the gelation process
at a constant polymer concentration (c = 60 g/L) and a
constant molar mass of precursors (M = 10 kg/mol). By
measuring Πtot and G, we obtain Πmix = Πtot + G in gel
states. As the connectivity p increases, Π and Πtot decrease,
but Πmix remains constant (blue curves). After gelation
(pgel ≤ p ≤ 1), the elasticity (red curve) increases. Here,
p (0 ≤ p ≤ 1) is controlled by mixing two kinds of precursors
non-stoichiometrically in an AB-type polymerization system.
Gel samples with a low connectivity (pgel ≤ p < 0.7) were dif-
ficult to characterize, because of the outflow of small polymer
clusters.
the sol states decreases, because the chemical reaction
decreases the number density of the molecules. When
the samples enter the gel states, the osmotic pressure
Πmix reaches a constant; polymer gels are always in a
semidilute regime with an infinite molar mass.
Materials and Methods. — For a model system of AB-
type polymerization in gelation, we used a tetra-PEG
gel, synthesized by the AB-type cross-end coupling of
two tetra-arm poly(ethylene glycol) (tetra-PEG) units of
the same size [30]. Each end of the tetra-PEG is modi-
fied with mutually reactive maleimine (tetra-PEG MA)
and thiol (tetra-PEG SH). We dissolved tetra-PEG MA
and tetra-PEG SH (Nippon Oil & Fat Corporation) in a
phosphate-citrate buffer with an ionic strength and pH
of 200 mM and 3.8, respectively. For gelation, we mixed
these solutions with equal molar masses M and equal
concentrations c in various mixing fractions s. We held
each sample in an enclosed space to maintain humid con-
ditions at room temperature (T ' 298 K) to allow the
reaction to complete.
We prepared the four-branched polymer (precursor)
solutions (p = 0) by dissolving tetra-PEG MA with molar
masses of M = 10 and 40 kg/mol and initial concentra-
tions c0 = 20–120 g/L. Herein, we define the polymer
concentration (c0 and c) as the precursor weight divided
320
15
10
5
0
50403020100
Πext Π√ Π/
c
(m
/s
)
Concentration c (g/L)
p = 0
p = 0.5
ff
1.1
1.0
0.9
1009080706050
Πext
Πmix
G
S
w
el
lin
g
ra
tio
Q
cext (g/L)
p = 1 p = 0.7ff
(a) (b)
FIG. 3. Osmotic deswelling in external polymer solutions
to measure Π and Πmix in (a) sol and (b) gel samples, re-
spectively. For each plot, precursors are M = 10 kg/mol.
Each line is the least squares fit to the data for each p. (a)
Square root plots of Π of sol samples on c0 = 20 g/L for the
degrees of connectivity p = 0, 0.1, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5.
We immersed samples with a micro-dialyzer in external poly-
mer (PVP) solutions. We can determine Π, because Π = Πext
at equilibrium. (b) Swelling ratio Q of gel samples on c0 = 60
g/L for p = 0.7, 0.8, 0.9, 1 in equilibrium state in external
polymer (PVP) solutions. We directly immersed samples in
the external solutions of various concentrations cext. We can
determine Πmix, because Πmix = Πext +G at equilibrium.
by the solvent volume, rather than the solution volume,
to extend the universality of the EOS (1) to higher con-
centrations (see Supplemental Material, Sec. S1). We
prepared the sol and gel samples in the gelation process,
dissolving precursors with M = 10 kg/mol. For c0 = 20
g/L, we set p = 2s = 0.1, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5 (sol
samples). For c0 = 40, 60, 80, 120 g/L, we set p = 2s =
0.1, 0.2, 0.3 (sol samples) and 0.7, 0.8, 0.9, 1 (gel samples).
Sec. S2 of Supplemental Material describes the determi-
nation of these measurement ranges.
We measured the osmotic pressures of the sol states Π,
using controlled aqueous poly(vinylpyrrolidone) (PVP,
K90, Sigma Aldrich) solutions whose concentration de-
pendence of osmotic pressure Πext was measured by Vink
[31] (Supplemental Material, Sec. S3). As shown in the
schematic in Fig. 3(a), each solution sample was placed
in a micro-dialyzer (MD300, Scienova), which had a
semipermeable membrane with a mesh size of 3.5 kDa.
We immersed each dialyzer in aqueous polymer (PVP)
solutions at a certain concentration cext with stirring.
This system achieved equilibrium at Π = Πext. (Achieve-
ment of swelling equilibrium was assured as described in
Sec. S4 of Supplemental Material.) At that time, each
solution sample was changed in weight and concentra-
tion from its initial to equilibrium states as w0 → w and
c0 → c, respectively. Assuming a constant weight den-
sity and small deformation for the sample, we obtained
the concentration at equilibrium as c = c0/Q, where
Q = w/w0 is the swelling ratio. In examining the gela-
tion process (orange filled circles in Fig. 1 and Fig. 2),
we compared Π of the “as-prepared” sol samples at equal
concentrations c = c0 with various values of p. We de-
termined Π of each as-prepared sol sample by measuring
the swelling ratio Q as a linear function of cext. (The
method used to determine Π of the as-prepared samples
is the same as that used for gels, as detailed below.)
To evaluate the parameters M and c∗ from Π = Π(c)
measured at each p, we used the square root plots [1],
as shown in Fig. 3(a). From the virial expansion (2),
we have Πˆ =
[
1 + cˆ/2 + (γ − 1/4) cˆ2/2]2 + O (cˆ3). To-
gether with γ ' 1/4 (Supplemental Material, Sec. S5)
for certain solutions of few-branched polymers, we have√
Π/c '√RT/M [1 + c/(2c∗)] for small c/c∗. Thus, the
intercepts and slopes of each fitting line in Fig. 3(a) give
M and c∗, respectively, for each p. The obtained M and
c∗ values are consistent with the scaling prediction of
c∗ ∼ M1/(3ν−1) with ν = 0.588 (Supplemental Material,
Sec. S6).
We measured the osmotic pressure in the as-prepared
gel states Πmix via the osmotic deswelling. As shown
in the schematic in Fig. 3(b), we immersed each gel
sample directly in the external aqueous polymer (PVP)
solutions with various concentrations cext, because
the surfaces of the gels function as semipermeable
membranes. Then, each gel sample swells or deswells
from the as-prepared state to the equilibrium state as
Πmix+Πel = Πext, changing its weight and concentration
from the initial to equilibrium states as w0 → w and
c0 → c, respectively. The swelling ratio Q = w/w0 was
measured and interpolated as a linear function of cext for
each gel sample (e.g., the samples of various connectivity
p at c0 = 60 g/L, as given in Fig. 3(b)). By using the
cext-dependence of Q, we evaluated cext and Πext such
that each gel sample maintained its weight (Q = 1) and
concentration (c = c0). We assumed that Πel = −G [32]
and evaluated Πmix = Πext + G of each as-prepared gel
sample, where G is the shear modulus as measured by
rheometry (Supplemental Material, Sec. S7).
Results and Analysis. — The main panel in Fig. 4(a)
shows the c-dependence of the osmotic pressure in the
unreacted four-branched polymer solutions (p = 0) and
in the reaction-completed polymer gels (p = 1). In the
wide concentration range c, the experimental results of
the former and latter are in remarkably good agreement
with the universal EOS (1) for linear polymer solutions
and with the semidilute scaling law Π ∝ c3ν/(3ν−1), re-
spectively. With the increase in c, Π in polymer solu-
tions (black curve) is asymptotic to Πmix in polymer gels
(red line). This asymptotic relationship suggests that the
Πmix of polymer gels is governed by the semidilute scaling
law in Eq. (3) with K ' 1.1 for polymer solutions.
The inset in Fig. 4(a) shows the p-dependence of Π
and Πmix throughout the gelation process (0 ≤ p ≤ 1).
In the sol states (0 ≤ p < pgel), Π decreases as p in-
creases, because the average molar mass M increases.
As c increases, the extent of the decrease in the osmotic
pressure itself decreases. In particular, for c = 120 g/L,
Π and Πmix are constant throughout the gelation pro-
cess (0 ≤ p ≤ 1), because the precursor solution is in
the semidilute regime even at p = 0. In the gel states
(pgel < p ≤ 1), Πmix is constant even if p increases. In
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FIG. 4. Osmotic pressure during the gelation process. The
molar mass of precursors is M = 10 kg/mol, corresponding
to the overlap concentration c∗ ' 58 g/L at p = 0. (a) Os-
motic pressure in the unreacted four-branched polymer solu-
tions (black circles) and in the reaction-completed polymer
gels (red filled circles). The former and latter are in very
good agreement with the universal EOS (1) (black curve) and
with the semidilute scaling law Π ∝ c2.31 (red line), respec-
tively. Here, 3ν/(3ν − 1) ' 2.31 for ν ' 0.588. The black
dotted curve is the virial expansion (2) up to the third-order
terms. As p increases (green triangles), Π decreases in sol
states (0 ≤ p < pgel) and becomes constant in gel states
(pgel < p ≤ 1). The inset shows the osmotic pressure dur-
ing the gelation process at a constant polymer concentration
c = c0 = 40, 60, 80, 120 g/L. The green triangles (c = 40 g/L)
are the same as those in the main panel. The blue circles
(c = 60 g/L) are used in Fig. 2. (b) Connectivity (p) de-
pendence of Πˆ/cˆ1.31. The symbols and data are the same as
those in the inset of (a). In gel states, Πˆ/cˆ1.31 converge to the
universal value 1.1, which is independent of p and c.
general, the osmotic pressure is dependent and indepen-
dent of the average molar mass in the dilute and semidi-
lute regimes, respectively [2]. Thus, the constant Πmix
in the gel states (pgel < p ≤ 1) indicates that polymer
gels are always in the semidilute regime, because of the
infinite molar mass of the polymer networks.
We can interpret Π during the gelation process in
the sol states (0 ≤ p < pgel) in terms of the universal
EOS (1). By using M and c∗ evaluated in Fig. 3(a) at
each p, we changed the state variables (from c and Π
to cˆ and Πˆ), yielding the orange filled circles in Fig. 1.
Remarkably, the gelation process in sol states (p =
0, 0.1, . . . , 0.5) obeys the universal EOS (1), although
these systems continue to form multi-branched polymer
clusters. Considering this in tandem with the semidilute
scaling law observed in the gel states (Πmix ∝ c2.31), it is
expected that Πˆmix in the gel states (pgel < p ≤ 1) will
conform to the semidilute scaling law given by Eq. (3)
of linear -polymer solutions (red line in Fig. 4(a)) with
K ' 1.1.
Based on the above expectation, we propose a universal
EOS of osmotic pressure Πmix for polymer gels as
K =
Πˆmix
cˆ1/(3ν−1)
≡ Mc
∗1/(3ν−1)Πmix
RTc 3ν/(3ν−1)
, (4)
where K ' 1.1. We note that Πˆmix/cˆ1/(3ν−1) is finite, al-
though both cˆ ≡ c/c∗ and Πˆmix ≡ ΠmixM/(cRT ) diverge
to infinity, because gels correspond to infinite molar
mass M →∞ and c∗ → 0. In Fig. 4(b), we demonstrate
that Πˆmix/cˆ
1/(3ν−1) converge to the universal value
K ' 1.1, which is independent of p and c, after the
gelation (pgel ≤ p ≤ 1). Thus, in the inset of Fig. 1, the
gel states are positioned at (1/cˆ, Πˆmix/cˆ
1.31) ' (0, 1.1)
(red star). We obtained Fig. 4(b) by setting a constant
value for Mc∗1/(3ν−1) and substituting Π and Πmix
(shown in the inset of Fig. 4(a)) into Eqs. (3) and (4),
respectively. (Further details are given in Sec. S6 of
Supplemental Material.) This procedure demonstrates
that we can determine Πmix for any polymer gel by
measuring a non-universal parameter Mc∗1/3ν−1.
Concluding remarks. — We have experimentally mea-
sured the osmotic pressure of polymer gels throughout
the gelation process. We find that the universal EOS (1)
of the osmotic pressure for linear -polymer solutions de-
scribes the osmotic pressure throughout the gelation pro-
cess involving both the sol and gel states (Fig. 1). In the
sol states, both Πˆ and cˆ continuously increase according
to the universal EOS (1) with an increase in the aver-
age molar mass (orange filled circles in Fig. 1). In the
gel states, the osmotic pressure of polymer gels is uni-
versally governed by the semidilute scaling law (4) (red
star in Fig. 1 and Fig. 4(b)). Here, both Πˆ and cˆ diverge
to infinity, because the gel states correspond to the aver-
age molar mass M → ∞ and the overlap concentration
c∗ → 0. In addition, we have demonstrated that Eq. (4)
enables the determination of Πmix for any polymer gel by
measuring a non-universal parameter Mc∗1/3ν−1.
Because polymer gels are open systems that can swell
and deswell by exchanging solvents with the human body,
an understanding of the osmotic pressure is essential for
controlling the swelling of polymer gels. Our findings are
not only conceptually important to polymer physics, but
also practically useful, encouraging biomedical applica-
tions of polymer gels such as soft contact lenses, adhesion
barriers, sealants, and artificial vitreous humor.
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S1. DEFINITION OF POLYMER
CONCENTRATION
In the main text, we adopted a different definition of
the polymer concentration (c0 and c) than that used con-
ventionally (c˜0 and c˜) in order to extend the universality
of the EOS of osmotic pressure to higher concentrations.
In this section, we demonstrate the applicability of the
above claim by comparing the EOSs determined using
each of the definitions. The conventional polymer con-
centration is defined by
c˜ =
Wpolymer
Vsolution
, (S1)
where Wpolymer and Vsolution are the polymer weight and
solution volume, respectively. We note that Vsolution in-
cludes not only the solvent volume Vsolvent, but also the
polymer volume Vpolymer as Vsolution ' Vsolvent+Vpolymer.
For the EOS to be universal, the polymer chains must be
excessively thin and their volume negligibly small [S1];
the universality is affected by Vpolymer as the polymer
concentration increases. Thus, we adopt the following
definition:
c =
Wpolymer
Vsolvent
. (S2)
This definition in Eq. (S2) is similar to the consideration
of the volume of a molecule in the van der Waals EOS
for a real gas. In other words, the extent of polymer
chain motion is considered as Vsolvent, which is the total
solution volume Vsolution minus its own volume Vpolymer.
Figure S1 compares the two EOSs determined using these
definitions in Eqs. (S1) and (S2) for the two linear poly-
mer solutions of (a) poly(α-methylstyrene) (PMS) [S2]
and (b) poly(styrene) (PS) [S3]. Adopting the defini-
tion given by Eq. (S1), the scaling slopes in the semidi-
lute regime are 1.37 and 1.47 in the PMS and PS so-
lutions, respectively. These slopes are larger than the
theoretical prediction 1/(3ν − 1) ' 1.31 for a good sol-
vent (ν ' 0.588) [S1] because of the influence of the
polymer volume at high concentrations. Adopting the
definition in Eq. (S2), however, the scaling slopes in the
∗ These authors contributed equally: T. Yasuda, N. Sakumichi
† Correspondence should be addressed to N. Sakumichi or T. Sakai:
sakumichi@tetrapod.t.u-tokyo.ac.jp
‡ sakai@tetrapod.t.u-tokyo.ac.jp
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FIG. S1. Comparison of EOSs using the different defini-
tions of polymer concentration given in Eqs. (S1) and (S2)
for (a) poly(α-methylstyrene) [S2] and (b) poly(styrene) [S3]
in toluene solutions. We use c˜ and c to plot the filled
and unfilled triangles, respectively. In the semidilute regime
(c∗ < c), the universal EOS is asymptotic to the scaling
law [S1] as Πˆ ∝ cˆ1/(3ν−1) (Eq. (3) in the main text), where
1/(3ν − 1) ' 1.31 for a good solvent (ν ' 0.588).
semidilute regime for both the PMS and PS solutions
asymptotically approach the theoretical prediction 1.31
as c increases. This emphasizes the universality of poly-
mer solutions in higher concentrations in adopting the
concentration definition in Eq. (S2). In the main text,
therefore, we adopted Eq. (S2) as the polymer concen-
tration and analyzed the universal scaling function.
S2. LIMITATIONS OF THE MEASUREMENT
OF OSMOTIC PRESSURE
In the experiment, there are several limitations to the
measurement of osmotic pressure via osmotic deswelling.
Precursor-solution samples (p = 0) of higher concentra-
tions (c0 > 120 g/L) were excluded from the measure-
ment due to our limited knowledge of the external poly-
mer (PVP) solutions Πext. Sol samples (0 ≤ p < pgel)
near their gelation points pgel could not be measured due
to viscosity divergences. Gel samples with a low con-
nectivity (pgel < p < 0.7) were difficult to characterize
for the following two reasons: gels lost their shapes and
weights because of their low elasticity, and we cannot
uniquely determine the equilibrium state in the present
osmotic pressure measurement because of the outflow of
small polymer clusters. Gel samples (p = 1) at low con-
centrations (c0 < 40 g/L) were excluded from our anal-
ysis because these samples became heterogeneous as a
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FIG. S2. Time courses of swelling ratio Q in swelling exper-
iments (see Fig. 3 in the main text). We use solution (p = 0),
sol (0 < p < pgel), and gel (p ≥ pgel) samples whose precur-
sors are M = 10 kg/mol. (a) Reproducibility of Q for the
solution and gel samples in external polymer (PVP) solutions
on cext = 70 g/L. For each sample, three representative ex-
periments are in good agreement with each other, indicating
high reproducibility. (b) Relaxation to swelling equilibrium
states. For solution samples, we set cext = 75 g/L (blue filled
squares) and cext = 85 g/L (blue open squares). For sol sam-
ples, we set cext = 35 g/L (green filled triangles) and cext = 40
g/L (green open triangles). For gel samples, we set cext = 70
g/L (red filled circles) and cext = 75 g/L (red open circles).
result of phase separation.
S3. OSMOTIC PRESSURE OF PVP SOLUTIONS
In the main text, we measured the osmotic pres-
sure of samples by using the controlled aqueous
poly(vinylpyrrolidone) (PVP) solutions. According to
Vink [S4], the osmotic pressure Πext of an aqueous PVP
solution is given by
Πext = 21.27cext + 1.63cext
2 + 0.0166cext
3, (S3)
for the PVP concentration cext ≤ 200 g/L. Equation (S3)
was precisely determined by using an osmometer with
an organic liquid manometer, mercury manometer, and
manostat. We note that cext in Eq. (S3) is defined as
the polymer weight divided by the solution volume, i.e.,
Eq. (S1), which differs from the definition of the poly-
mer concentration (c and c0) used in the main text, i.e.,
Eq. (S2) (see Supplementary Sec. S1).
S4. ACHIEVEMENT OF SWELLING
EQUILIBRIUM
To confirm the reproducibility of the swelling experi-
ment described in the main text, we show the swelling
ratio Q as a function of the elapsed time for solution
(p = 0) and gel (p = 1) samples in Fig. S2(a). We im-
mersed each sample (with or without the micro-dialyzer)
in external polymer (PVP) solutions at a certain concen-
tration cext (see Fig. 3 in the main text). Each sample
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FIG. S3. Concentration dependence of (Π/c−RT/M)/c for
four-branched polymer (PEG) solutions (black circles) with
M = 8.8(1) kg/mol and c∗ = 58.5(4) g/L. Here, the values in
parentheses represent the standard error estimated from the
blue circles and line (p = 0) in Fig. 3(a) in the main text. We
obtained the black line from a least-squares fit. According
to Eq. (S4), the black line gives γ of four-branched polymer
(PEG) solutions as γ = 0.24(1). For comparison, we show the
slopes corresponding to γ = 0.25 for linear polymer solutions
[S5] and γ = 0.625 for hard spheres [S6].
changes in weight (w0 → w) and concentration (c0 → c)
from the initial to equilibrium states. We determined the
swelling ratio as Q = w/w0.
To ensure that each sample achieved the equilibrium
state in the swelling experiment, we show the relaxation
processes for solutions (p = 0), sol (0 < p < pgel), and
gel (pgel < p ≤ 1) samples in Fig. S2(b). For each sam-
ple, we achieved both the swelling (filled symbols) and
deswelling (unfilled symbols) conditions by adjusting the
concentration of the external solutions cext. To achieve
swelling equilibrium states (horizontal black lines), one
week was needed for the solution and sol samples and a
few days were needed for the gel samples. Here, we de-
termined the swelling equilibrium as the point at which
the swelling ratio Q remained constant for three days.
S5. THIRD VIRIAL COEFFICIENT OF
FOUR-BRANCHED POLYMER SOLUTION
We evaluated the third virial coefficient from the c-
dependence of Π in a four-branched polymer (PEG) so-
lution (i.e., the precursor solutions (p = 0) in Fig. 4(a)
in the main text). In terms of the universal EOS, the
third virial coefficient corresponds to the dimensionless
virial ratio γ defined in Eq. (2) in the main text. From
the virial expansion up to the third terms (Eq. (2) in the
main text), we have(
Π
c
− RT
M
)
1
c
=
RT
Mc∗
(
1 +
cγ
c∗
)
. (S4)
In Fig. 3(a) in the main text, we obtain M = 8.9(1)
kg/mol and c∗ = 58.5(4) g/L at T = 298 K, where the
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FIG. S4. Relationship between the overlap concentration c∗
and the number average molar mass M during the gelation
process in sol states (0 ≤ p < pgel). This result agrees with
the scaling prediction in Eq. (S5) with 1− 3ν ' −0.764 for a
good solvent (ν ' 0.588).
values in parentheses represent the standard error. Thus,
the c-dependence of (Π/c−RT/M) /c gives γ of four-
branched polymer (PEG) solutions, as shown in Fig. S3.
This analysis gave γ = 0.24(1), which is consistent with
γ ' 0.25 for linear polymer solutions [S5] within the
error bounds. The consistency of γ between linear and
four-branched polymer solutions indicates that the effect
of a small number of branching on osmotic pressure is
negligibly small in terms of the universal EOS.
S6. M AND c∗ DURING THE GELATION
PROCESS
We experimentally determined the average molar mass
M and the overlap concentration c∗ during the gelation
process to obtain the universal scaling parameters cˆ and
Πˆ in Figs. 1 and 4(b) in the main text. When gelation
proceeds at a constant concentration c0, M increases and
the corresponding c∗ decreases. Assuming the scaling
relation of gyration radius Rg to be 〈Rg2〉 ∝ M2ν [S1],
we have
c∗ ≡ M
4pi
3
2 〈Rg2〉 32NAΨ∗
∝M1−3ν , (S5)
during the gelation process (0 ≤ p ≤ 1) if the interpene-
tration factor Ψ∗ is constant as p increases.
To confirm M and c∗ in the sol states (0 ≤ p < pgel)
for c0 = 20 g/L, which were experimentally obtained in
Fig. 3(a) in the main text, we compare the results with
the corresponding scaling law of Eq. (S5). Each M and
c∗ was used to yield the orange filled circles in Fig. (1) in
the main text. Figure S4 shows that the obtained M and
c∗ in the sol states (black circles) were consistent with
the scaling prediction (black line) of Eq. (S5). Here, the
deviation at p = 0 occurred because the gelation proceeds
in the dilute regime (c0 < c
∗) with the increase of Ψ∗.
After the system reaches the semidilute regime (c > c∗),
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FIG. S5. Shear moduli G of gel samples with a molar mass
of precursors M = 10 kg/mol. (a) Dependence of G on the
polymer concentration c at a constant connectivity p = 1.
We used this data to determine the c-dependence of Πmix
shown in the main panel of Fig. 4(a). (b) Dependence of G
on connectivity (p = 2s = 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1) for the
various polymer concentrations (c = 40, 60, 80, 120 g/L). We
used this data to determine the p-dependence of Πmix shown
in the inset of Fig. 4(a).
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FIG. S6. Storage modulus G′ and loss modulus G′′ mea-
sured by dynamic shear rheometer at 298 K. The sample was
prepared with the molar mass of precursors M = 10 kg/mol,
the concentration c = 70 g/L, and the connectivity p = 1. (a)
Time courses of G′ and G′′ during the chemical reaction of the
cross-end coupling. Here, the applied strain and frequency are
1% and 1 Hz, respectively. (b) Frequency dependences of G′
and G′′ after completion of the chemical reaction (t tgel).
the scaling law of Eq. (S5) holds with a constant Ψ∗ as
p increases.
To evaluate Πˆ/cˆ1.31 in Fig. 4(b) in the main text, we
substituted Mc∗1/(3ν−1) = 1600 (kg/mol)(g/L)1/(3ν−1)
into Eqs. (3) and (4) throughout the gelation process
for c0 = 40, 60, 80, 120 g/L. Here, we assumed that
Mc∗1/(3ν−1) is constant during the gelation process in
the semidilute regime. This is because Π and Πmix are
constant in the semidilute regime (see orange squares for
c0 = 120 g/L in the inset of Fig. 4(a) in the main text)
and the other parameters (R, T , c, and K ' 1.1) are also
constant in Eqs. (3) and (4) in the main text.
4S7. MEASUREMENT OF SHEAR MODULUS
To determine Πmix shown in Fig. 4(a) in the main text,
we measured the dependences of the shear moduli G of
gel samples on the concentration c (Fig. S5(a)) and con-
nectivity p (Fig. S5(b)) by using dynamic viscoelasticity
measurements. We mixed the tetra-PEG MA and tetra-
PEG SH aqueous solutions and poured the resulting so-
lutions into the gap of the double cylinder of the dy-
namic shear rheometer (MCR 301 and 302, Anton Paar,
Graz, Austria). Then, we cyclically sheared the samples
in the gap between the inner cylinder and outer cup. The
stress–strain response yields the storage moduli G′ and
the loss moduli G′′ of the samples.
Figure S6(a) shows the typical time course of G′ and
G′′. After G′ reached equilibrium, corresponding to the
completion of the chemical reaction of the MA and SH
functional groups, we measured the frequency depen-
dence of G′ and G′′ (Fig. S6(b)). The (static) shear
modulus is given by
G = lim
ω→0
G′(ω). (S6)
Figure S6(b) shows that G′(ω) is independent of the fre-
quency (ω/2pi) below 100 Hz. Thus, we regard G′(ω) at
1 Hz as the shear modulus G.
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